ABSTRACT
INTRODUCTION
Lipid peroxidation triggered by lipoxygenases and reactive oxygen species (ROS) is a hallmark of plant pathogen responses, both in signal transduction processes and during the execution of programmed cell death. Typically, lipoxygenases (LOX) oxidize free fatty acids in the cytosol or chloroplasts thereby initiating several oxylipin pathways including the jasmonate and hydroperoxide lyase pathway (Mosblech et al., 2009 ).
Among the ROS typically produced in plant stress responses, only singlet oxygen ( and free radicals are sufficiently reactive to oxidize polyunsaturated fatty acids directly (Mueller et al., 2006) . These short-lived ROS produced in different cellular compartments including plasma membrane, plastids, mitochondria, peroxisomes, ER and cytosol are thought to oxidize predominantly glycerolipids close to the site of ROS production. In a recent study, 1 O 2 has been shown to be a major ROS species involved in photooxidative lipid oxidation and damage in Arabidopsis thaliana leaves (Triantaphylides et al., 2008 ). However, the major sites and molecular targets of lipid oxidation as well as the relative contribution of different ROS species and LOXs to lipid peroxidation and fragmentation have not been clarified.
LOXs and ROS have also been implicated in the formation of fragmented fatty acids in plants and animals. Pathways for enzymatic and non-enzymatic fatty acid peroxide cleavage yielding two aldehyde fragments have been described in plants and animals ( Fig. 1) . The enzymatic fragmentation pathway (Fig. 1A ), that has been described in plants only, involves lipoxygenases (LOX) and hydroperoxide lyases (HPL) acting on free fatty acids (Matsui et al., 2006) . One aldehyde fragment harbors the fatty acid carboxylate group (oxo fatty acid) while the other aldehyde fragment containing the fatty acid methyl end is released as a volatile compound. Finally, oxo fatty acids can be oxidized by aldehyde dehydrogenase (ADH) (Kirch et al., 2005; Mukhtarova et al., 2011) yielding dicarboxylic acids. A. thaliana ecotype Col-0, however, lacks 9-HPL genes and the 13-HPL gene has shown to be mutated and non-functional (Matsui et al., 2006; Chehab et al., 2008) . Since A. thaliana Col-0 produces fatty acid fragments such as azelaic acid, another yet unknown fragmentation pathway must be operative (Jung et al., 2009) .
A non-enzymatic fatty acid fragmentation pathway has been described in vitro and in animals in vivo (Fig. 1B) . In animals, fatty acid peroxide fragmentation is catalyzed by free radicals and has been shown to take place in phospholipids and cardiolipins in vivo under oxidative stress conditions (Hazen and Chisolm, 2002; Hazen, 2008) . The nonenzymatic mechanism produces a variety of aldehyde fragments from different fatty acid peroxides including those aldehydes produced by plant HPL enzymes. After radical-induced fragmentation of mammalian glycerolipids, however, the oxo acid fragment remains esterified in the membrane while the other fragment is released from the membrane. Oxidatively fragmented phospholipids were shown to serve as endogenous pattern recognition ligands that activate the innate immune system of animals in trace amounts (Hazen, 2008) . However, such fragmented glycerolipids have not yet been described in plants.
The non-enzymatic fragmentation mechanism has been investigated in detail (Schneider et al., 2008) and shown to proceed through lipid peroxide dimers that spontaneously undergo fragmentation (Fig. 1B) . The main fragmented fatty acids found esterified in mammalian glycerolipids are the C 9 -oxo acid fragments 9-oxononanoic acid (ONA) and azelaic acid (AZA) and the C 7 -fragments 7-oxoheptanoic acid (OHA) and pimelic acid (PIM). We hypothesized that C 9 -and C 7 -fragments could be generated in planta by free radical catalyzed cleavage of esterified polyunsaturated C18-and C16-fatty acids, respectively (Fig. 1C) .
Interest in the fragmentation pathway stems from the fact that several short chain aldehyde fragments (i.e. malondialdehyde, hydroxynonenal and hexenal) are potent electrophiles that function as stress signals (Farmer and Davoine, 2007) in plants.
Important functions for dicarboxylic acids have also been reported. For instance, PIM is an essential precursor of biotin. PIM biosynthesis has only recently been clarified in bacteria (Lin et al., 2010 ) and there is yet no evidence that an enzymatic pathway is operative in Arabidopsis. Another dicarboxylic acid, AZA, has recently been identified as a pathogen-induced metabolite in Arabidopsis vascular sap that has been reported to confer local and systemic resistance against the pathogen Pseudomonas syringae (Jung et al., 2009; Chaturvedi, et al., 2012) . AZA was also proposed to prime plants to accumulate salicylic acid, a defense signal involved in systemic acquired resistance 7 loss of systemic immunity triggered by pathogens or AZA (Jung et al., 2009 ). However, direct genetic proof for a function of AZA in defense signaling is still missing. In case of an enzymatic AZA biosynthesis, analysis of mutants deficient in AZA biosynthesis would be one approach to test the function of AZA.
In this study, a systematic analysis of pathogenesis associated lipid peroxidation in plants identified plastidic monogalactosyl-and digalactosyldiacylglycerols (MGDG and DGDG) as well as triacylglycerols (TG) as major oxidized glycerolipids in A. thaliana leaves. Detailed analysis of lipid oxidation products in wild type (WT) and mutants related to lipid metabolism allowed to clarify different oxidation mechanisms involved in lipid peroxidation and fragmentation in vivo, thereby identifying the biogenesis of oxidized lipids in the plant response to abiotic and biotic stress. We also present a model explaining the formation of reactive electrophile species previously shown to be involved in important plant signaling processes.
RESULTS
Oxidized fatty acids and fragmented fatty acids increase in A. thaliana leaves after infection with avirulent P. syringae bacteria In order to investigate the kinetics of lipid oxidation, leaves of 6-week old A .thaliana plants were infiltrated with an avirulent or a virulent strain of P. syringae DC3000 (Pst or PstavrRpm1, 10 8 colony forming units (cfu/ml)) and accumulation of enzymatically and non-enzymatically formed oxidized lipids was monitored at different time points.
As shown in Figure 2 , levels of several oxidized fatty acids including AZA and PIM were elevated 5 to 10 h after infection with the avirulent strain and reached highest levels at 24 h when the leaves showed severe visible damage. Levels of the established marker (Mueller et al., 2006; Grun et al., 2007) of non-enzymatic 18:3 oxidation, 16-hydroxyoctadecatrienoic acid (16-HO-18:3), increased with AZA and PIM as early as 5
to 10 h and reached 5 to 10-fold elevated levels after 24 h. In parallel, levels of jasmonic acid (JA) synthesized via the 13-LOX pathway were also and even more dramatically up-regulated (over 75-fold) within 5 to 10 h post infection. In contrast, infection with the virulent P. syringae strain (10 8 cfu ml -1 ) induced only a low accumulation of all tested oxidized fatty acids and visible damages were barely detectable after 24 h.
Infection experiments with lower bacterial densities of the avirulent Pst strain (10 6 and 10 7 cfu/ml) revealed that levels of oxidized lipids and visible leaf damages were lower, likely due to the delayed cell death response (Supplemental Fig. S1 , A). All lipids analyzed were from plant origin and not detectable in both Pseudomonas strains. Both early non-enzymatic and enzymatic oxylipin biosynthesis preceded visible leaf damage and increased until cell death occurs ( Fig. 2 and Supplemental Fig. S1 , B). However, we could not detect ONA or OHA, the putative precursors of AZA and PIM ( Fig. 1) , respectively.
9-Lipoxygenases, trienoic fatty acids and AZELAIC ACID INDUCED 1 are not essential for AZA and PIM biogenesis
It has been proposed, that the 9-lipoxygenase pathway ( Fig. 1, A) is essential for the formation of AZA in planta. Arabidopsis expresses two 9-LOX proteins (LOX1 and LOX5). However, single and double T-DNA insertion lines (lox1, lox5, lox1/lox5) of both genes in the A. thaliana ecotype Wassilewskija that are completely deficient in the respective 9-LOX activities (Vellosillo et al., 2007; Lopez et al., 2011) accumulated wild type levels of AZA and PIM after infection with the avirulent Pst (Fig. 3, A) .
Hence, enzymatic formation of AZA and PIM through the 9-LOX pathway can be ruled out. In addition, LOX2, the most abundant 13-LOX, is also not essential for lipid fragmentation (Fig. 3, B) .
In addition to 9-LOX, the plastidic FATTY ACID DESATURASE 7 (FAD7) and AZELAIC ACID INDUCED 1 (AZI1) have been suggested to be involved in the local production or transport of AZA and/or the SAR signal, respectively (Chaturvedi et al., 2008; Jung et al., 2009) . We therefore tested mutants deficient in these genes for their capacity to accumulate AZA and PIM in infected leaves. As shown in Fig. 3B , local production of AZA and PIM was not compromised in the fatty acid desaturase triple mutant fad3-2 fad7-2 fad8 (fad3/7/8) and azi1. In the fad3/7/8 mutant, trienoic fatty acids are quantitatively replaced by dienoic fatty acids (McConn and Browse, 1996) that may, however, also serve as precursors for fragmented fatty acids.
Previously, it has been suggested that AZA is transported to non-infected systemic leaves after Pst infection (Jung et al., 2009 ). However, AZA and PIM levels in systemic leaves 24 h post infection were not elevated and comparable to levels in leaves of noninfected wild type and mutant plants ( Alternatively to the enzymatic formation of AZA and PIM (Fig. 1, A) , free radicalcatalyzed fragmentation of oxidized glycerolipids could take place as it has been observed in animals ( Fig. 1, B) . In vitro, free radical oxidation experiments with 1 0 unsaturated fatty acids revealed that 18:3 and 18:2, but not 18:1, yielded ONA and AZA (Supplemental Fig. S3 ). In agreement with the proposed chemical fragmentation mechanism (Schneider et al., 2008) , the kinetics of the 18:3 and 18:2 oxidation products suggested that at least three oxidation events are required to produce AZA from 18:3 or 18:2: first, a fatty acid (or acyl) hydroperoxide is formed that, under radical-catalysis, fragments to yield ONA. Finally, ONA is oxidized in a radical-catalyzed process to AZA (Supplemental Fig. S3 ). We also performed in vitro autoxidation experiments with either 9-or 13-HOO-18:3 and observed that both peroxides non-enzymatically fragment to produce 1 -2.5 mol% ONA and 0.3 -0.8 mol% AZA (Supplemental Fig. S3 ).
The free radical-catalyzed AZA biogenesis hypothesis (Fig. 1, B Fig. S4 ).
These findings (Table 1 ) are in agreement with the free radical hypothesis of galactolipid fragmentation in plastids in situ (Fig. 1, B) . Alternatively, fatty acids are fragmented first, followed by esterification into galactolipids.
Evidence for acyl chain fragmentation in galactolipids
In order to investigate the possibility of incorporation of ONA or AZA into galactolipids, feeding experiments using radical-catalyzed oxidation and 13-LOX comprised 3 and 7 mol% of all esterified HO-18:3, respectively (Fig. 5, A) . After P. syringae infection, levels of esterified HO-18:3 oxidized by 1 O 2 , free radicals and 13-LOX increased by 2.9-, 43-and 56-fold and the relative contribution of 1 O 2 , free radicals and 13-LOX to overall HO-18:3 formation changed to 40%, 18% and 40%, respectively.
LOX2 is central for LOX-mediated glycerolipid peroxidation and modulates the levels of free hydroxy fatty acids after pathogen infection
LOX2 has been shown to be involved in the formation of arabidopsides from MGDG and DGDG in plastids (Glauser et al., 2009; Seltmann et al., 2010) . Analysis of the total 13-HO(O)-18:3 pattern in the lox2 mutant revealed that LOX2 is responsible for virtually all the lipoxygenase-mediated synthesis of esterified 13-HO(O)-18:3 under control (100%) and pathogen-induced (93%) conditions (Fig. 5B ). This result suggests that LOX2 may directly oxidize galactolipids.
To this end, pathogen-triggered oxidation of MGDG and DGDG was analyzed in WT and lox2 mutant plants by UPLC-MS/MS after reduction of lipid peroxides to the corresponding hydroxides. In the wild type, levels of galactolipids in which both acyl chains were peroxidized (dihydroperoxides) dramatically increased in a LOX2 dependent manner while galactolipids with one peroxidized acyl chain (monohydroperoxides) showed only a minor increase that was not dependent on LOX2 (Fig. 6, B) . However, dihydroperoxy galactolipids were not completely lacking in the lox2 mutant (Fig. 6, B ). This finding is compatible with the hypothesis that galactolipid monohydroperoxides are formed through random 1 O 2 -mediated oxidation of acyl chains at the sn1 or sn2 position close to the production site of short lived 1 O 2 while dihydroperoxides are predominantly generated by direct double oxygenation of galactolipids by LOX2 (Fig. 6 B) . The later galactolipid dihydroperoxides may serve as direct precursors of arabidopsides that comprise two cyclooxylipin acyl chains (OPDA or dinor OPDA). In fact, a massive synthesis of arabidopsides was only observed in the wild type but not the lox2 mutant after Pseudomonas infection (Fig 6, C) .
Arabidopsides A, B, G and E accumulated to almost 50% of the initially present nonoxidized MGDG precursors which should be accompanied by a dramatic loss of nonoxidized MGDG precursors. In contrast, a strong accumulation of the non-oxidized
MGDGs (2.4-to 3.3-fold increase) and DGDGs (1.4-to 2.3-fold increase) was observed (Table 1 and Fig. 6 , A). This increase was detected both in the WT and the lox2 mutant.
Hence, pathogen-triggered stimulation of lipid accumulation appears not to be a compensatory mechanism for LOX2-mediated lipid consumption.
Unexpectedly, however, LOX2 appears to contribute but not to be strictly required for the accumulation of free 13-HO(O)-18:3, free OPDA and JA after pathogen infection (Fig. 6, D) . Since arabidopsides are virtually absent in the lox2 mutant, arabidopsides are therefore no essential precursors for production of jasmonate signals after infection.
Although LOX2 increases dihydroperoxide galactolipid levels after infection (Fig. 6,   B ), no accumulation of galactolipids with two fragmented acyl chains could be detected.
In addition, LOX2 appears to contribute but not to be strictly required for the formation of fragmented fatty acids (Fig. 3B ).
Compared to the WT, surprisingly, the lox2 mutation caused an excessive pathogeninduced 13-and 9-lipoxygenase activation resulting in a 2-and 80-fold higher accumulation of free 13-and 9-HO(O)-18:3 (Fig. 5 , B, and 6, B). In addition, also a dramatic pathogen-induced over-accumulation of non-enzymatically oxidized HO(O)-18:3 was observed in the lox2 mutant (Fig. 5B) . Notably, levels of free HO(O)-18:3 oxidized by singlet oxygen and free radicals were both about 10-fold higher in the lox2 mutant compared to the WT (Fig. 5 ) after infection. Hence, membrane oxidation by LOX2 reduces via an unknown regulatory mechanism the accumulation of nonenzymatically and enzymatically oxidized free fatty acids. Moreover, LOX2 and arabidopsides are not essential for the production of free jasmonates, at least in the late phase (24 h after infection) of the Arabidopsis-Pseudomonas interaction.
Galactolipids and triacylglycerols are major targets for peroxidative fatty acid modification
To identify the major targets of non-enzymatic lipid peroxidation, lipid extracts were analyzed (after reduction of peroxides to the corresponding hydroxides) for the presence of complex lipids that comprised esterified HO-18:3 by UPLC-Q-TOF. (Table   1 ) several hours after infection (Fig. 2) . On the other hand, ROS-mediated excessive LPO is associated with membrane damage and, hence, may contribute to the execution of the cell death program (5 -24 h after infection).
We show that 1 O 2 is a major ROS involved in basal LPO and pathogen-induced LPO (Fig. 5) . The remarkable high basal (8 to 19 mol%) and specific peroxidation of three major plastid galactolipids located close to the major site of 1 O 2 production -i.e.
photosystem II -might be due to the short half-life and high reactivity of (Fig. 5 ).
To the most part, increase of LPO is due to LOX2-mediated double oxygenation of plastid galactolipids (dihydroperoxides) that are rapidly converted into arabidopsides (Fig. 6 ). It has been proposed that arabidopsides serve as OPDA storage molecules from which OPDA can be rapidly mobilized to generate jasmonate signals (Kourtchenko et al, 2007) . However, LOX2 and arabidopsides were not found to be major sources of www.plantphysiol.org on January 6, 2018 -Published by Downloaded from Copyright © 2012 American Society of Plant Biologists. All rights reserved.
free jasmonates during the HR after Pseudomonas infection (Fig. 6) suggesting that one or more of LOX 3, 4, and 6 are responsible for jasmonate accumulation under these conditions. In contrast, LOX2 appears to produce the majority of free jasmonates after wounding (Glauser et al., 2009 ) and during natural or dark induced senescence (Seltmann et al., 2010) . Despite the high LOX2-dependent jasmonate and arabidopside accumulation after wounding, LOX2 was not found to be required for JA signaling (Glauser et al., 2009 ) and appears to serve other functions. Surprisingly, we found that non-enzymatic lipid oxidation as well as the enzymatic 9-LOX pathway (Fig. 5B ) was dramatically increased in the lox2 mutant and higher LPO appeared to be associated with slightly increased visible leave damage after infection with avirulent bacteria (Supplemental Fig. S1 ). Pretreatment of Arabidopsis leaves with 9-lipoxygenase products has been shown to protect the leaves against infection with virulent Pst DC3000 bacteria but not with avirulent Pst DC3000 avrRpm1 bacteria (Vincente et al., 2011) . Hence, activation of the 9-LOX pathway in lox2 mutant plants may increase the local resistance against virulent bacteria, however, this hypothesis remains to be tested. The mechanism of how LOX2-mediated membrane oxidation modulates total LPO levels also remains to be elucidated.
In addition to
1 O 2 and LOX2, free radicals contribute significantly to LPO during Pseudomonas infection (Fig. 5) . Radical-catalyzed LPO is low under basal conditions but becomes a major ROS-mediated LPO process during the HR (Fig. 5) ) that are thought to be released disruption of the membrane barrier and cell death (Fig. 7) . In mammals, oxidized acyl residues protruding out of membranes will be selectively removed by specific repair lipases (Marques et al, 2002) . In plants, specific repair lipases are not known, however, oxidized and fragmented fatty acids are ultimately released from galactolipids (Fig. 2 ) .
Under basal conditions, total amounts of esterified ONA, OHA, AZA and PIM are in the range of 229 nmol g -1 DW (Table 1 and Fig. S4 ). Continuous formation, release and rapid metabolism of these fragments to PIM (Fig. 4) In animals, pathogen-induced lipid oxidation and fragmentation takes place in the cell membrane enabling physical contact between pattern recognition receptors of the Tolllike family and oxidized glycerolipids (Hazen, 2008) . These receptors recognize in the first place pathogen surface lipids but also bind to endogenous oxidized surface lipids.
Hence, in animals, oxidative stress activates the innate immune system by utilizing defense mechanisms evolved to fight pathogens (Binder et al., 2002) . In plants, an immune function of oxidized glycerolipids has not been identified while the biological activity of several free oxidized lipids has been well recognized.
In general, for free oxylipins direct antimicrobial activity as well as signaling functions have been suggested, reviewed in (Matsui et al., 2006) ). Notably, oxidized and fragmented fatty acids are released from membranes in two waves (Fig. 7) . During the first wave, fragmentation of oxidized lipids immediately generates reactive electrophile species (RES-oxylipins) comprising short chain aldehydes such as MDA and hexenal (Supplemental Fig. S8 ) which stimulate the expression of cell protection and rescue genes as well as many other genes commonly up-regulated in environmental stress and pathogenesis (Weber et al., 2004; Farmer and Davoine, 2007; Kishimoto et al., 2008) .
In addition, oxidation and fragmentation of galactolipids yields a pool of preformed esterified oxylipins. Activation of lipases, hence, results in the liberation of a second wave of (in part electrophilic) oxylipin signals and other oxidized lipids.
Among these free oxylipins with reported or proposed signaling functions are AZA (Jung et al., 2009; Shah, 2009; Chaturvedi et al., 2012 ) , hydroxy fatty acids (Vellosillo et al., 2007) , OPDA and phytoprostanes (Mueller at al., 2008) . All of these oxidized lipids may contribute to the genetic reprogramming of metabolism and serve as damage associated signals which induce detoxification and defense processes (Fig. 7) . However, genetic evidence that these lipids play an essential role in the systemic immune response (Fig. 3,   Supplemental Fig. S1 ). Moreover, we could not detect a specific induction of the AZI1 gene by AZA treatment and plant pretreatment with AZA did also not inhibit the growth of P. syringae DC3000 bacteria (Supplemental Fig. S2 ). Although we used similar experimental approaches as Jung et al. (2009), we could not confirm a general role of AZA in enhancing plant defense responses under our experimental conditions. In line with our results, Vincente et al. (2011) showed that AZA pretreatment displayed a barely detectable inhibition of the growth of P. syringae DC3000 bacteria in both pretreated and non-treated systemic leaves of the same plant. In addition, it was reported that lower bacterial densities resulted in better induction of SAR than high amounts and that the extent of tissue damage did not determine the extent of SAR (Mishina and Zeier, 2007) . The fact that lower densities of bacteria led to lower levels of AZA also argues against a role of AZA in SAR (Suppl. Fig. S1 ). Therefore, we rather suggest that AZA is a marker for free radical-induced lipid fragmentation associated with oxidative membrane damage and cell death (Fig. 2) .
Several RES-oxylipins such as OPDA and phytoprostanes induce the expression of genes related to detoxification and defense. A large proportion of gene regulation by OPDA and phytoprostanes is mediated by the TGA transcription factors TGA2, TGA5 and TGA6 (Mueller et al., 2008) . A mutant defective in these three TGA factors is not able to display SAR (Zhang et al., 2003) . However, this defect is more likely caused by the disturbance of SA signaling rather than by disturbance of oxylipin signaling. Growth of this tga2/5/6 mutant is more sensitive to toxic xenobiotics (Fode et al., 2008) suggesting that oxylipin signaling plays a role in detoxification metabolism.
Clarification of the biogenesis of oxidized lipids as well as the identification of signaling factors specifically mediating the effects of oxidized lipids will enable a deeper understanding of the function of these compounds in defense and signal transduction processes.
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MATERIALS AND METHODS

Plant material, bacteria and growth conditions
Analysis of oxidized fatty acids and complex lipids
Leaves from 6-week old plants were harvested, immediately shock-frozen and extracted in the presence of the radical scavenger butylated hydroxytoluene (BHT) and the peroxide reducing reagent triphenylphosphine (TPP). In complex plant matrix, 
UPLC-MS/MS analyses were performed on a Waters Micromass Quattro Premier triple
quadrupole mass spectrometer with an electrospray interface coupled to an Acquity UPLC system (Waters). Galactolipids, jasmonates, free and esterified hydroxy fatty acid analysis were performed as described (Triantaphylides et al., 2008; Seltmann et al., 2010) . Phospholipid separation was carried out on a Waters UPLC BEH C18 Column AZA and PIM as well as levels of oxidized (18:3,18:3)MGDG containing esterified ONA and AZA were measured (mean ± SD, n =3). A, enzymatic oxidative fragmentation of 18:3 via 9-lipoxygenase (9-LOX), 9-hydroperoxide lyase (HPL) and aldehyde dehydrogenase (ADH) yielding 9-oxononeate (ONA), nonadienal (NDE) and azeleate (AZA) (Matsui, 2006) . Grey bars represent the carbohydrogen backbone of fatty acids. B, radical-catalyzed oxidative fragmentation of esterified 18:2 in glycerolipids via the dimer pathway yielding oxidized glycerolipids (GL), ONA, AZA and hydroperoxynonenal (HPNE) in animals (Schneider et al., 2008) . C, structures of predicted carboxylic acidic fragments generated through the dimer pathway from different plant polyunsaturated fatty acids: ONA, AZA, 7-oxoheptanoate (OHA), PIM. Levels of AZA and PIM were determined 24 h after infection of A. thaliana leaves with avirulent Pst (10 8 cfu ml -1 ) or mock infiltration (C). A, the single (lox1 and lox5) and double (lox1/5) 9-LOX insertion lines were compared with the corresponding WT (accession Wassilewskija, Ws). B, the mutant lines lox2, the fatty acid desaturase triple fad3 fad7 fad8 (fad3/7/8) and azi1 were compared with the respective WT ecotype Columbia (Col-0). Shown are means ± SD, n = 3. Arabidopsis leaves of wild type (black bars) and lox2 (white bars) plants were infected with avirulent Pst (10 8 cfu ml -1 ) (+) or mock infiltrated (-). Lipids were extracted 24 h after infection and analyzed by UPLC-MS/MS. Arrows indicate putative precursor-product relationships. Means ± SD of three independent experiments are shown. A, levels of the most abundant non-oxidized MGDG and DGDG species increased after infection in both genotypes. A, in the light continuous singlet oxygen mediated oxidation of MGDG close to PSII generates a pool of oxidation sensitive MGDG hydroperoxides. B, Pathogen-stress induced inhibition of PSII in parallel with LOX2 activation increases MGDG peroxidation mediated by 1 O 2 (MGDG monohydroperoxides) and LOX2 (MGDG dihydroperoxides), respectively. MGDG dihydroperoxides are rapidly converted into arabidopsides. MGDG monoperoxides are sensitive to radical-catalyzed formation of peroxide dimers that spontaneously break down thereby generating oxidized MGDG and MGDG core aldehydes and acids that remain in the membrane as well as reactive electrophiles (RES) and radicals that are released instantaneously from the membrane. Mild membrane damage may stimulate repair and protection mechanisms through reactive lipid and oxygen species. However, excessive membrane damage caused by amplification of lipid
